Summary Machado-Joseph disease, also called spinocerebellar ataxia type 3 (MJD/SCA3), is a hereditary and neurodegenerative movement disorder caused by ataxin-3 with a pathological polyglutamine stretch (mutant ataxin-3). Seven transgenic mouse models expressing full-length human mutant ataxin-3 throughout the brain have been generated and are compared in this review. They vary in the corresponding transgenic DNA constructs with differences that include the encoded human ataxin-3 isoform(s), number of polyglutamine(s), and the promoter driving transgene expression. The behaviors/signs evaluated in most models are body weight, balance/coordination, locomotor activity, gait, limb position, and age at death. The pathology analyzed includes presence of neuronal intranuclear inclusions, and qualitative evidence of neurodegeneration. On the basis of striking similarities in age-range of detection and number of behavior/sign abnormalities and pathology, all but 1 mouse model could be readily sorted into groups with high, intermediate, and low severity of phenotype. Stereological analysis of neurodegeneration was performed in the same brain regions in 2 mouse models; the corresponding results are consistent with the classification of the mouse models.
Introduction
Machado-Joseph disease (MJD), also called spinocerebellar ataxia type 3 (SCA3), was described between 1972 and 1995, and it has been given 10 different names: 1) Machado disease [1] ; 2) nigro-spino-dentatal degeneration with nuclear ophthalmoplegia [2] ; 3) autosomal dominant striatonigral degeneration [3] ; 4) Azorean disease of the nervous system [4] ; 5) autosomal dominant system degeneration [5] ; 6) Joseph disease [6] ; 7) autosomal dominant motor system degeneration [7] ; 8) MJD disease [8, 9] ; 9) Machado-Joseph Azorean disease [10] ; and 10) SCA3 [11] . Finally, SCA3 was found to be genetically identical to MJD [12] . MJD/SCA3 is the most prevalent spinocerebellar ataxia in many countries worldwide (for more detail see Bettencourt and Lima [13] ).
MJD/SCA3 is an autosomal, dominantly inherited neurodegenerative disorder. It is caused by ataxin-3, with a stretch of 45 to 86 consecutive glutamines (mutant ataxin-3), whereas normal ataxin-3 has fewer than 44 [14] [15] [16] ; the polyglutamine stretch is encoded by cytosine-adenine-guanine (CAG) repeats in the corresponding MJD1 (also named ATXN3) gene [14] . Several ataxin-3 isoforms are reported, including MJD1a (also named ataxin 3a) and ataxin 3c (also named MJD1-1), which differ in the last 17 to 30 amino acids, respectively. They result from alternative splicing and have been detected with extended polyglutamines in the brains of MJD/SCA3 patients [14, 17, 18] . Mutant ataxin-3 expression is widespread, even though neurodegeneration is selective [19] . Polyglutamine diseases also encompass other spinocerebellar ataxias, Huntington's disease, spinal and bulbar muscular atrophy, and dentatorubralpallidoluysian atrophy. All polyglutamine diseases present an inverse correlation between CAG repeat length encoding the polyglutamine stretch and age of onset. Intergenerational CAG repeats expansion results in a more severe phenotype in the offspring than the parent (anticipation). The pathological polyglutamine stretch confers a toxic gain of function to the disease protein, by altering its conformation, its interaction with other proteins, and forming ubiquitinated intranuclear inclusions in neurons (for more detail see Ross [20] and La Spada and Taylor [21] ).
MJD/SCA3 is clinically heterogeneous, even between patients within any given family (for more detail see Bettencourt and Lima [13] and Riess et al. [22] . The major signs are progressive and include: a) cerebellar dysfunctions, which involve inaccurate voluntary movements, such as gait and limb ataxia, action and trunk tremor, and speech difficulty (dysarthria); and b) pyramidal signs, which involve increased reflexes (Babinski sign) and muscle tone (spasticity) in the legs more than the arms. Minor signs, but more specific, than to other spinocerebellar ataxia, are "bulging eyes" due to oculomotor dysfunction causing eyelid retraction, and motor neuron signs resulting in facial and lingual fasciculations. Five subtypes of MJD/SCA3 are proposed, based on the variability of clinical signs. Not all patients fit this classification and a patient may begin 1 type and evolve into another. Type I: early age of onset, major/minor signs, although pyramidal signs are more prominent than cerebellar signs, extrapyramidal signs (disturbed posture [dystonia], slow movement [bradikinesia]), and premature death. Type II: intermediate age of onset, and major/minor signs. Type III: later age of onset, major/minor signs, although cerebellar signs are more prominent than pyramidal signs, peripheral signs, and no premature death. Peripheral nerve signs include muscle atrophy (motor), distal sensation loss (sensory), and thermoregulatory and urinary system dysfunctions (autonomic). Pyramidal signs (upper motor neuron) in type III might be obscured by lower motor neuron degeneration. Type IV: variable onset, neuropathy and parkinsonism (paucity of movement or akinesia, and muscular rigidity). Type V: spastic paraplegia alone. Sleep disorders and/or depression can occur, and weight loss without loss of appetite. At the end stage, patients undergo cachexia and pulmonary complications. Genetic factors contribute to such clinical variability. The CAG repeat length is longest in type I, intermediate in type II, and shortest in type III patients. Type IV and V are caused by unidentified familial factors, not CAG repeat dependent. To the author's knowledge, clinical variability has not been associated with different ataxin-3 isoforms.
MJD/SCA3 pathology includes severe neuronal loss in spinal cord and brain regions, such as dentate nuclei (cerebellum), pontine nuclei (brainstem), substantia nigra (basal ganglia), and to a lesser degree, cerebellar cortex [15] (for more detail see Rub et al. [23] ). Recent studies suggest that degeneration is more widespread and might include striatum [24] , Purkinje cells in the cerebellum [25] , and cerebral cortex (for more detail see Rub et al. [23] ). Based on pathoanatomical studies [23] , it is proposed that the central nervous loops and systems affected include: 1) cerebellothalamocortical motor loop causing cerebellar signs, pyramidal signs, and some of the motor peripheral signs; 2) basal ganglia-thalamocortical motor loop causing ataxia and extrapyramidal signs; 3) somatosensory system causing autonomic and sensory peripheral nerve loss; 4) vestibular system causing impaired body balance (postural instability), and related eye movements (eye jumps or nystagmus, and vestibuloocular reaction); 5) oculomotor system causing "bulging eyes," vision problems (double vision or diplopia), slow eye movements (ophthalmoplegia); and 6) midbrain dopaminergic system causing parkinsonian features. Intranuclear inclusions were detected initially in affected neurons of patients [17, 26] , but subsequently they were observed in less affected brain regions [27] . Their reactivity with different antibodies revealed cellular proteins associated with toxicity [26] . Therefore, neuronal inclusions are considered markers of pathogenesis.
There is no treatment currently available to cure or delay the onset of MJD/SCA3. Generation and characterization of transgenic mice expressing mutant ataxin-3 are providing insight into the mechanisms causing the disease and facilitating the development of a therapy. Transgenic mice expressing portions of the mutant ataxin-3 age [28] [29] [30] , and a lentiviralbased rat model expressing mutant ataxin-3 in a single brain region [24] have been reported, but these are not the focus of this review. Seven transgenic mice expressing full-length mutant ataxin-3 throughout the brain have been reported and are described as dramatically different in previous reviews [31] . In this review, the behavior/signs and pathology of a representative mouse line for each of the 7 transgenic mice are compared. On the basis of striking similarities, the mouse models are sorted into groups of high, intermediate, or low phenotype severity.
Mouse Models
Eight transgenic mice expressing full-length human mutant ataxin-3 have been reported. The first transgenic mouse that expressed full-length mutant ataxin-3 isoform MJD1a with 79 polyglutamines under control of the L7 promoter (Purkinje cell specific) failed to develop neurological deterioration at 23 weeks of age [28] . By contrast, transgenic mice expressing a portion of such human mutant ataxin-3 containing the expanded polyglutamines and under the control of the same promoter had severe atrophy of the cerebellum, including Purkinje cell loss at 8 weeks of age, and severe ataxic behavior starting at 4 weeks of age [28] . Based on these results and cell model studies, the toxic fragment hypothesis was proposed, in which all cells express fulllength mutant ataxin-3 and affected neurons express a protease that releases the toxic fragment [28] .
For each of the next 7 transgenic mice generated [32] [33] [34] [35] [36] [37] [38] : the transgenic mouse construct, behavior/signs, and pathology are summarized as follows.
Transgenic Construct Used for Each Mouse Model
The 7 transgenic mouse models are numbered to facilitate their description (Table 1 , mouse models 1-7). The components of the transgenic constructs used to generate each mouse model are described as follow (Table 1 , transgenic construct).
Mouse Model 1
For mouse model 1 [32] , the transgenic construct contains the MJD1 gene with 84 or 15 CAG and is flanked at the 5′end by 35 kb and at the 3′end by 150 kb of the SCA3 locus and the arms of the yeast artificial chromosome. All ataxin-3 isoforms (including MJD1a and ataxin-3c) could be synthesized; the human ataxin-3 promoter drives widespread expression (see Introduction for details). The transgenic mice are maintained on a C57BL/6 J genetic background. A representative transgenic mouse line is "MJD84.2"; the control animal "MJD15.4" and wild-type mice were comparable.
Mouse Model 2
For mouse model 2 [33] , the transgenic construct used encodes human ataxin-3 isoform MJD1a with 71 or 20 CAG under the control of the mouse prion protein promoter. In the MoPrP.Xho vector, the cDNA was inserted in the Xho I site. At the 5′end of Xho I is 6 kb followed downstream by noncoding exon 1, intron 1, and exon 2 of the prion protein gene. At the 3′ end of Xho I site is 2.2 kb of unstranslated prion protein gene sequence. Expression occurs throughout the brain but is lower in Purkinje cells. The transgenic mice are maintained on a B6C3F1/J genetic background; B6C3F1/J is F1 offspring of C57BL/6J×C3H/HeJ. A representative transgenic mouse is "homozygous Q71C"; the control animal "Q20A" and wild-type mice were comparable.
Mouse Model 3
For mouse model 3 [34] , ataxin-3 isoform 3c with 70 or 15 CAG are expressed under the control of the mouse prion protein promoter. The vector MoPrP used has 1.14 kb upstream of exon 1, intron 1, and 52 bp of exon 2. At the 3′ end of insertion site is a SV40 mRNA polyadenylation signal. The transgenic mice were maintained on a C57BL/6N genetic background. A representative transgenic mouse is "70.61"; the control animal "15.1" and wild-type mice were comparable.
Mouse Model 4
For mouse model 4 [35] , isoform MJD1a with 79 or 22 CAG with an N-terminal hemagglutinin tag are expressed using the same vector described for model 2. The transgenic mice were maintained on a FVB/N genetic background. A representative transgenic mouse is "ataxin-3-Q79HA"; the Isoform ataxin-3c CMV 94 CAG C57BL/6 Hemi-CMVMJD94
Mouse models expressing full-length human mutant ataxin-3, corresponding transgenic construct, and representative mouse line. Seven mouse models expressing full-length human ataxin-3 are numbered, and the corresponding reference is indicated. The transgenic construct used to generate each mouse model is included with the ataxin-3 isoform and length of polyglutamines encoded, and the promoter controlling transgene expression. The name of the most characterized transgenic mouse line for each model and its control are listed; mouse model 2 is not a line because it is sterile, but it is continuously generated from heterozygous parents [33] .
CAG 0 cytosine-adenine-guanine control animal "ataxin-3-Q22HA" and wild-type mice were comparable.
Mouse Model 5
For mouse model 5 [36] , isoform ataxin-3c with 77 CAG expression is conditional by a tetracycline-off system. Two transgenic constructs were used. The promoter construct contains the hamster prion protein promoter (25 kb followed downstream by exon 1); a promoter mouse line was generated and initially maintained on FVB/N genetic background until interbred to homozygosity [39] . The responder construct contains a tretracycline responsive element followed downstream by a "minimal" CMV promoter, and the cDNA encoding isoform ataxin-3c with 77 CAG. The reporter transgenic mice were maintained on a C57BL/6 genetic background. In double transgenics, the promoter construct synthesizes a tetracycline transactivator that binds the tetracycline-responsive element in the responder construct that activates transcription of ataxin-3 cDNA. To block expression, the mice are treated with doxycycline (a tetracycline derivative) binds the transactivator abolishing its binding to the responder construct. Unexpectedly, expression was more prominent in glial cells than in neurons. A representative transgenic mouse is "PrP/MJD77-het/hom"; wild-type mice were used as control animals.
Mouse Model 6
For mouse model 6 [37] , the transgenic construct contains the cDNA encoding isoform ataxin-3c with 148 CAG, a partial rat huntingtin promoter (764 bp: -777 to -14), and a SV40 mRNA polyadenylation signal. Expression is widespread expression. The transgenic mice were maintained on a C57BL/6N genetic background. A representative transgenic mouse is "HDProm-MJD148"; the control animals were wild-type mice.
Mouse Model 7
For mouse model 7 [38] , the transgenic construct contains the cDNA encoding isoform ataxin-3c with 94 CAG, a CMV promoter (details were not reported), and a SV40 mRNA polyadenylation signal. Expression is widespread. A representative transgenic mouse is "hemi-CMVMJD94". The control animals were wild-type mice. The transgenic mice were maintained on a C57BL/6 or FVB/N genetic background; in the latter the intergenerational instability of expanded CAG repeat was lower.
Summary
In summary, (Table 1) , the transgenic constructs vary in ataxin-3 isoform encoded, number of CAG repeats, and promoter. All promoters drive expression throughout the brain, but at lower levels in Purkinje cells of models 2 and 4. Mouse model 5 has conditional expression, which is more prominent in glial cells than neurons. The genetic background is different between a few mouse models.
Behavior and Signs Evaluated in Most Mouse Models
The comparison is limited to behavior/signs reported for most models (presented in Table 2 ; see details as follows): lower body weight, reduced balance and coordination, abnormal gait, locomotor hypoactivity, abnormal limb positions, and premature death. The corresponding signs develop in MJD/SCA3 patients: weight loss, postural instability, gait ataxia, possibly bradykinesia, limb ataxia, and premature death, respectively (see Introduction for details).
Mouse Model 1
Mouse model 1 [32] , line 84.2 had: 1) lower body weight: 12 to 22 % at 1 to 5 months of age; 2) reduced balance/ coordination: inability to turn on a grid [32] , and reduced beam-walking ability at 7.5 to 13 months in another report [40] ; 3) abnormal gait: wide-based limbs at 1 month [32] , and shorter stride-alternated footprint pattern at 13.5 months, as described in another report [40] ; 4) locomotor hypoactivity: described as inactivity; 5) abnormal limb position when held by tail: forelimb clasping at 6 months, and all limb clasping at 14 months (instead of normal escape reflexes, which is limb spreading); and 6) premature death: not reported, but could not have occurred before 13.5 months because tests were done on animals at this age.
Mouse Model 2
Mouse model 2 [33] , homozygous Q71C had: 1) low body weight: 41 % at 2.5 months and 50 % at 3.5 months; 2) reduced balance and coordination: short latency on rotarod test at 1.75 months and zero latency at 2.75 months; 3) abnormal gait: wide-based footprint pattern at 2 to 3 months and dragged to scribbled footprint pattern at 3 to 5 months; 4) locomotor hypoactivity: progressive from mild to severe between ages 1.75 to 5 months, as determined by an open field test; 5) abnormal limb position: progressive feet clutching and limb extension in resting position from 2 to 5 months; and 6) premature death: occurred at 3 to 5 months of age.
Mouse Model 3
Mouse model 3 [34] , line 70.61 had: 1) low body weight: the animals were described as small; 2) reduced balance and coordination: inability to grab a pen and walk on it at 6 to 8 months; 3) abnormal gait: wide-based footprint pattern at 3 months, and dragged footprint pattern at 6 months; 
Summary
In summary, 6 specific behaviors/signs were analyzed in most mouse models. Their presence, absence, and age of occurrence were used to evaluate the severity of behaviors/ signs ( Table 2 , last column). Mouse model 5 was not included in any group (see Discussion for details).
Pathology Evaluated in Most Mouse Models
The pathology evaluated in each mouse model were varied, thus, the comparison is limited to those reported in most models. They are presented in Table 3 and detailed as follows.
Mouse Model 1
Mouse model 1 [32] , line 84.2: 1) Intranuclear inclusions in neurons: detected in pontine and dentate nuclei. It is unclear if substantia nigra was analyzed. They were not detected in cerebellar cortex, hippocampus, striatum, or glial cells, and rarely in Purkinje cells. 2) Neurodegeneration: a) Decrease in number of neurons stained with a dye or antibody at 12 months, by use of an unspecified quantification method and hematoxylin and eosin-and Holmes silver-stained brain sections, 30 % fewer pontine and 40 % fewer dentate neurons were seen. Ten percent fewer calbindin immunostained Purkinje cells; Purkinje cell loss was marked by the observation of empty baskets. At 13.5 months, another report [40] had indicated the use of stereology analysis to show 14 % fewer neurons immunostained for neuronal-specific nuclear protein (NeuN) in pontine nuclei, and 14 % fewer tyrosine-hydroxylase-positive neurons in substantia nigra. b) increased number of glial cells immunostained for the glial fibrillary acidic protein (GFAP): at 12 months, dentate nuclei had increased GFAP staining with a few reactive astrocytes attributed to neuronal loss and indicative of gliosis. Reactive astrocytes were also reported in cerebellar white matter. c) Abnormal morphology of neurons: at 12 months, hematoxylin and eosin-and Holmes silverstained pons had degenerating neurons described as "hyperchromatic and shrunken scattered dark cells with pyknotic or small nuclei and eosinophilic cytoplasm. Calbindin immunostained Purkinje cells had shrinkage, cell body displacement, and dendritic atrophy."
Mouse Model 2
Mouse model 2 [33] , homozygous Q71C: 1) Intranuclear inclusions in neurons: larger in size (i.e., the size of nucleolus or larger) and number in pons, cerebellar nuclei, substantia nigra, olfactory bulb, and spinal cord (motor and sensory neurons). They were smaller and scarce in other brain regions on the midsagittal plane, including the frontal cortex, hippocampus, thalamus, and cerebellar cortex. At a later stage, few large inclusions were detected in the thalamus and cerebellar cortex. None were detected in glial cells. 2) Neurodegeneration: a) decrease in number of neurons stained with a dye or antibody: at 2 to 2.75 months, by use of unbiased stereology, the total number of tyrosine hydroxylase (TH)-positive neurons in substantia nigra of homozygous Q71-C was 38 % lower than in control Q20-A transgenic mice. By analysis of variance, this reduction was statistically significant. No significant differences were found in the total number of Nissl-stained neurons in the dentate nucleus of homozygous Q71-C compared to controls, in brain sections stained with cresyl violet. Nevertheless, a tendency to a decrease in number was observed in homozygous Q71C, suggesting that a larger number of animals should be analyzed. b) Increase in number of glial cells immunostained for GFAP: not obvious, although stained cells were not quantified using stereology. c) Abnormal morphology of neurons: not determined.
Mouse Model 3
Mouse model 3 [34] , line 70.61: 1) Intranuclear inclusions in neurons: detected in cerebellar nuclei, pons, granular layer of cerebellum, hippocampus, and cerebral cortex, but not in Purkinje cells. Indeed, it was reported that such inclusions were found in almost all brain regions analyzed. Size differences, however, were not evaluated; the inclusions shown in the report appear to have size differences. 2) Neurodegeneration: a) Decrease in number of neurons stained with a dye or antibody: at 4 months, in cerebellar sections immunostained with an antibody to phosphorylated neurofilaments revealed condensed or empty baskets around Purkinje cells indicative of Purkinje cell loss. b) Increase in number of glial cells immunostained for GFAP: not reported. c) Abnormal morphology of neurons: at 3 months, electron microscopy analysis showed 50 to 80 % Purkinje cell shrinkage, as described by authors, with "increased electron density of the cytoplasm and the karyoplasm and irregular shape of the cytoplasm and nucleus. Such shrinkage was distinguished from necrosis or apoptosis, and the nucleus was pyknotic."
Mouse Model 4
Mouse model 4 [35] , line ataxin-3-Q79HA: 1) Intranuclear inclusions in neurons: at 10 to 12 months, neuronal inclusions were detected in pons, dentate nuclei, and substantia nigra. It is not clear whether other brain regions were analyzed. 2) Neurodegeneration: a) a decrease in numbers of neurons stained with a dye or antibody: at 10 to 11 months, a nonsignificant decrease in the number of neurons in cerebellar dentate nucleus, molecular, granular, and Purkinje cell layers were observed in hematoxylin and eosin staining and immunostaining of neuronal-specific nuclear protein (NeuN) or calbindin. b) Increase in number of glial cells immunostained for GFAP: not reported. c) Abnormal morphology of neurons: at 11 months, calbindin staining revealed Purkinje cells with shrunken cell body and less dendritic arborization that is considered typical of degeneration.
Mouse Model 5
Mouse model 5 [36] , line PrP/MJD77-het/hom: 1) Intranuclear inclusions in neurons: at 1, 12, and 20 months, neuronal intranuclear inclusions were shown in cerebral cortex; they are atypical because they did not increase in size with age. Neuronal inclusions were not reported in any other brain region, including pons, cerebellar nuclei, and substantia nigra. 2) neurodegeneration: a) decrease in numbers of neurons stained with a dye or antibody: not reported. b) Increase in number of glial cells immunostained for GFAP: not reported. c) Abnormal morphology of neurons: at 20 months, by electron microscopy, Purkinje cells were darkly stained as a result of higher electron density that is considered "dark cell degeneration." Turning off transgene expression at an early disease stage, reversed the previously mentioned pathology. Whether the atypical inclusions were no longer stained was not shown.
Mouse Model 6
Mouse model 6 [37] , line HDProm-MJD148: 1) intranuclear inclusions in neurons: at 25 months (18 months in homozygous), intranuclear inclusions were detected in neurons in pons, cerebellar nuclei, and other selective brain regions, including red nucleus, Purkinje cells. It is not clear whether substantia nigra was analyzed. 2) Neurodegeneration: a) decrease in number of neurons stained with a dye or antibody: not reported. b) Increase in number of glial cells immunostained for GFAP: not reported. c) Abnormal morphology of neurons: at 25 months by electron microscopy, Purkinje cells appeared darkly stained (dark cell degeneration).
Mouse Model 7
Mouse model 7 [38] , hemi-CMVMJD94: 1) Intranuclear inclusions in neurons: at 12 months, no neuronal intranuclear inclusions were detected. 2) Neurodegeneration: a) decrease in number of neurons stained with a dye or antibody: not reported. b) Increase in number of glial cells immunostained for GFAP: at 12.25 months, stereological analysis of GFAP-positive cells revealed an increase of reactive astrocytes in selective brain regions, including substantia nigra and vestibular nuclei. Increased astocyte number is associated with neuronal death. c) Abnormal morphology of neurons: at 4 and 12.25 months, hematoxylin and eosin-stained brain sections, as described by authors, "revealed scattered dark, shrunken cells with basophilic cytoplasm" in several regions, including the thalamus, dentate, and pontine nuclei.
Summary
In summary, 2 aspects of pathology were examined in all mouse models (Table 3) . Their presence, absence, and age of occurrence were used to evaluate the severity of pathology (Table 3 , last column). Mouse model 5 was not included in any group (see Discussion for details).
Discussion
As described, 7 transgenic mice expressing full-length ataxin-3 have been previously reported (mouse models 1-7, Table 1 ). A representative line from each model is compared in this review (Table 1 , last column). The transgenic construct used varied among mouse models (Table 1) . Six behaviors/signs, presence of neuronal inclusions and qualitative evidence of neurodegeneration were considered for the comparison (Tables 2 and 3 ). On the basis of similarities among mouse models, all but model 5 could be readily sorted into groups of high, intermediate, or low severity of phenotype (Tables 2 and 3) . Neurodegeneration quantified by stereology has been done in limited brain regions in only a few mouse models, but it is needed to evaluate severity of pathology (Table 4) .
Mouse models 2 and 3 (high severity phenotype) express different ataxin-3 isoforms with similar polyglutamine lengths, under the control of the prion protein promoter (Table 1) . Both models develop all 6 behavioral abnormalities, including premature death within 1 to 8 months ( Table 2 ). Both models have neuronal inclusions and neurodegeneration within 2 to 4 months (Table 3) . Thus, these mouse models have early onset, rapid progression, and premature death that are reminiscent of the most severe type of MJD/SCA3 (type I, see Introduction for details).
Additional information on mouse models 2 and 3:
1) The structural difference between ataxin-3 isoform mjd1a and ataxin-3c are not essential to disease pathogenesis. Mouse models 2 and 3 have a remarkably similar phenotype, even though each express a different isoform of ataxin-3. 2) Mouse models 2 and 3 have prominent neuronal inclusions compared to the intermediate and low models ( Table 4 ), suggesting that pathogenic components are abundant (i.e., more readily detectable than in the intermediate and low severity mouse models). Indeed, a toxic fragment of mutant ataxin-3 was detected in the brain of model 2 [33, 41] , and model 3 (V.F. Colomer Gould, unpublished results). This fragment was not detected in non-neuronal tissue in model 2 [42] . Such a fragment was not detected in the brain of mouse models with intermediate (model 1, [32] ) or low severity phenotype (model 7, [38] ). The fragment is probably present in the brain of intermediate and low severity mouse models, but at levels that are not readily detectable, as observed in the brain of Q71-B heterozygous transgenic mice [33] . The fragment was only detected in an enhanced image of the Western blot. 3) In model 3, a reduced turnover rate of dopamine and serotonin is reported [34] , which predictably occurs in model 2. Summary of major behaviors/signs, brain distribution of neuronal inclusions, and neurodegeneration quantified by stereology, in mouse models ≤15 months of age. The phenotype results reported for mouse models 2 and 3 (high), 1 and 4 (intermediate), 6 and 7 (low) were pooled. The abnormal phenotype is included for mice that were reported to be ≤15 months. The behaviors/signs selected for this summary are abnormal balance/ coordination (balance), gait and limb position (gait, limb p), and premature death (P. death). The pathologies selected are neuronal inclusions and stereological analysis of neurodegeneration. Percent reduction in number of neurons (< number %) and increase in GFAP staining (+g) are represented. Brain regions represented are: dentate nuclei (DN), pontine nuclei (PN), substantia nigra (SN), Purkinje cells, spinal cord (sc), and vestibular nuclei (VB), cortex (ctx), hippocampus (hp). Not determined (ND) 4) Model 2 is sterile [42] , whereas model 3 is reported to be fertile. However, model 3 appears to undergo severe intergenerational CAG repeat instability. The shorter promoter in model 3 and slightly different genetic backgrounds need to be evaluated.
Taken together, the results suggest that models 2 and 3 will facilitate the development of a therapy based on targeting toxic fragment formation, aggregate, or neuronal inclusion formation, dopamine and serotonin turnover rate, and/ or delaying premature death. In support of the toxic fragment formation as a target for therapy, a Drosophila model expressing disease ataxin-3 with putative cleavage sites mutated mitigated neurodegeneration [43] . In support of the disease protein aggregation and turnover as targets for therapy, results on mouse model 2 suggest that mutant ataxin-3 forms toxic microaggregates [44] . Normal ataxin-3 is a de-ubiquitinating enzyme [45] that suppresses polyglutamine toxicity by increasing their degradation [46] . It regulates aggresome formation, and degradation of proteins from endoplasmic reticulum [47] . Evidence obtained using material from mouse model 2 suggests that degradation by autophagy is deficient in MJD/SCA3 [48] .
Mouse models 1 and 4 (intermediate severity phenotype) were generated using transgenic constructs that differ in the encoded ataxin-3 isoform, polyglutamine length, and promoter controlling expression (Table 1) . Neither died prematurely; they developed 5 abnormal behaviors/signs within 1 to 14 months (Table 2 ). Both models have neuronal inclusions and neurodegeneration within 10 to 12 months (Table 3 ). The slower progression of disease and absence of premature death compared to the high severity group are reminiscent of a less severe type of MJD/SCA3. These mouse models will facilitate the identifications of events that modulate disease progression, which might lead to therapies that reduce progression rate.
Additional information on mouse models 1 and 4:
1) Model 1 (and predictably model 4) has peripheral neuropathy [32] , metabolic abnormalities in cerebellum [49] , deranged calcium signaling [40, 50] , reduced parkin levels possibly causing parkinsonism [51] . 2) Model 4 (and predictable model 1) has transcriptional dysregulation in the cerebellum [35] , which is reversible with sodium butyrate [52] .
Mouse models 6 and 7 (low severity group) express the same ataxin-3 isoform with different lengths of polyglutamines (148 or 94), and under the control of different promoters (huntingtin or CMV) ( Table 1 ). Both models develop a maximum of 2 of the abnormal behaviors/signs within the age of 4 to 21 months (Table 2 ). Both models have some evidence of neurodegeneration within 4 to 25 months, but no neuronal inclusions under the age of 12 months. At 25 months, neuronal inclusions were detected in model 6, but were not searched for in model 7. Compared to the mouse models with high and intermediate severity phenotypes, mouse models 6 and 7 have fewer signs, later age of onset, slower progression of disease, and no premature death. They might be reminiscent of a mild type of MJD/SCA3 in patients. As proposed by the authors, these models might be useful to study the early stages of MJD/ SCA3.
Additional information on mouse models 6 and 7:
1) Model 6 expresses mutant ataxin-3c with 148 polyglutamines and model 7 expresses mutant ataxin-3c with 94 polyglutamines. One could speculate that the level of expression in model 7 is lower than in model 6, such that the dosage of polyglutamines is comparable causing a similar severity of disease. 2) Hyperactivity precedes hypoactivity. Mouse model 6 (and predictably model 7) develops hyperactivity before hypoactivity (biphasic course of disease) [33] . It remains to be determined whether hyperactivity occurs at an early stage in the other mouse models and MJD/ SCA3 patients. 3) Intergenerational CAG repeat instability occurs in both models, and somatic mosaicism in neuronal and nonneuronal cells occurs in model 7 (and predictably model 6).
Mouse model 5 stands out from the rest of the mouse models. It is the only mouse model with conditional transgene expression; it expresses ataxin-3c with 77 polyglutamines under the control of the prion protein promoter (Table 1) . It develops 4 abnormal behavior/signs within an age range of 2.25 to 20 months; which is a wider age range than the other mouse models ( Table 2 ). Evidence of neurodegeneration was detected at 20 months, as with the low severity group (Table 3) . Neuronal inclusions were only reported in cerebral cortex and did not increase in size with age [32] , which is atypical for mutant ataxin-3 neuronal inclusions. In addition, the neuronal inclusions were detected at 1 month, a younger age than any mouse model (Table 3 ). Such differences between mouse model 5 and the other mouse models probably result from transgene expression being predominant in glial rather than neuronal cells [36] . Mouse model 5 might facilitate understanding the role of glial cells in MJD/SCA3 pathogenesis. As discussed by the authors, their model provides evidence that expression in glial cells causes alterations in Purkinje cells. They also refer to a SCA3 Drosophila model that reveals mutant ataxin-3 toxicity to glial cells [53] .
The results on the comparison of each group of mouse models were pooled to highlight the main conclusions ( Table 4 ). The severity of behavior/signs correlates with prominence of neuronal intranuclear inclusions. In the high and intermediate severity group, the percent decrease in number of neurons in substantia nigra correlates with severity of behaviors/signs and prominence of inclusions (Table 4) ; in the low severity group, indirect evidence of neurodegeneration in substantia nigra was established. By contrast, stereological analysis revealed no significant decrease in the number of neurons in dentate nuclei of a high severity mouse model. The dentate nuclei neurons were stained for nucleic acids (using cresyl violet) whereas substantia nigra neurons were immunostained for a single protein (tyrosine hydroxylase) [33] . The former might reveal neuronal loss and the latter neuronal dysfunction. To avoid such technical issues, the same method should be used to evaluate neurodegeneration. Ideally, the method should have the following characteristics: a) be applicable on all brain regions without changing reagents e.g. antibodies; b) detect neurodegeneration in mouse models with low to high phenotype severity; and c) render results quantifiable by stereological analysis.
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